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Sporadic inclusion-body myositis (s-IBM) is the most
common progressive muscle disease of older per-
sons. Pathologically, the muscle biopsy manifests var-
ious degrees of inflammation and specific vacuolar
degeneration of muscle fibers characterized by paired
helical filaments (PHFs) composed of phosphorylated
tau. IBM vacuolated fibers also contain accumulations
of several other Alzheimer-characteristic proteins.
Molecular mechanisms leading to formation of the
PHFs and accumulations of proteins in IBM muscle
are not known. We report that the abnormal muscle
fibers of IBM contained (i) acridine-orange-positive
RNA inclusions that colocalized with the immunoreac-
tivity of phosphorylated tau and (ii) survival motor neu-
ron protein immunoreactive inclusions, which by im-
muno-electron microscopy were confined to paired
helical filaments. This study demonstrates two novel
components of the IBM paired helical filaments, which
may lead to better understanding of their pathogenesis.
(Am_J Patbol 2000, 156:1151-1155)

Sporadic inclusion-body myositis (s-IBM), the most com-
mon muscle disease of older persons, leads to severe
disability.”? The morphological features of s-IBM are
vacuolar degeneration of muscle fibers, various degrees
of lymphocytic inflammation, and intracellular congo-
philia.®* An intriguing aspect is that the pathological
phenotypes of muscle in s-IBM and of brain in Alzhei-
mer’s disease (AD) share many similarities.”® Those in-
clude intramuscle fiber clusters (tangles) of paired helical
flaments (PHFs) containing phosphorylated tau®® and
abnormal accumulations of several proteins, such as
amyloid-B precursor protein (ABPP), including its epitope

amyloid-B, apolipoprotein E, ubiquitin, presenilin, and
others."? Similarly to AD brain,”~® IBM abnormal muscle
fibers express markers of oxidative stress.'©~ 12

Unknown in both IBM and AD are the factors leading to
the abnormal accumulation of various proteins in the
respective tissues, including the yet unidentified molec-
ular pathways responsible for PHF formation. Recently it
was demonstrated that AD neurofibrillary tangles (com-
posed of PHFs) contain RNA'® and that RNA in vitro
promotes assembly of tau into PHFs.™

We have now determined that clusters of IBM-PHFs
contain RNA and a known RNA-binding protein, survival
motor neuron (SMN).'® We previously demonstrated that
in human muscle biopsies SMN is expressed at normal
neuromuscular junctions postsynaptically'® in regenerat-
ing muscle fibers and in denervated, very atrophic, ap-
optotic-like fibers.

Materials and Methods

Patients

Studies were performed on 10-um transverse sections of
fresh-frozen diagnostic muscle biopsies of 19 patients
with these diagnoses: 11 s-IBM, 2 non-IBM vacuolar my-
opathies of unknown cause, 3 morphologically nonspe-
cific myopathies, 1 polymyositis, 2 dermatomyositis, and
4 normal muscle biopsies. All IBM biopsies had muscle
fibers containing tau-positive PHFs and congophilia.’

Acridine Orange (AO) Staining

This was performed as described by Miike et al.’” Sec-
tions were fixed in ether:95% ethanol (1:1) for 1 hour,
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SMi-31

Figure 1. Fluorescence microscopy of acridine orange (AO) staining (RNA is orange, DNA bright yellow-green) and SMI-31 immunocytochemistry (bluish color),
localizing IBM PHFs. A—D, F, H, J, and L illustrate orange squiggly, rod-like and dot-like inclusions in IBM-abnormal muscle fibers. Pairs D and E (low-power
microscopy), F and G, H and I (high-power microscopy) show double localization of AO and SMI-31. There is close colocalization of AO-positive orange RNA
and bluish SMI-31 immunoreactive PHFs. K and M: Serial sections to J and L. AO-positive orange PHF inclusions (J and L) are not present after RNase pretreatment
(K and M). J-M were photographed at the same exposure time; the darker background of K and M results from the elimination of the slight diffuse non-PHF RNA
species within the muscle fibers. Original magnifications, X1250 (A, B, D, E, J—M), X2000 (C), and X7000 (F=D.

rehydrated, rinsed, incubated in 1% acetic acid, rinsed,
and stained for 3 minutes in 0.01% AO in 0.1 mol/L
phosphate buffer, pH 6.0. The sections were then rinsed,
incubated 1 minute in 0.1 mol/L calcium chloride, rinsed,
and mounted in phosphate buffer. Fluorescence micros-
copy used a Zeiss Axiophot microscope with a BP 450—
490 exciter filter, LP 520 barrier filter, and FT 510 chro-
matic beam-splitter.

Double Localization of AO and SMI-31
Immunoreactivity on the Same Section

Sections were incubated for 1 hour in SMI-31 mouse
monoclonal antibody (Sternberger Monoclonals Inc., Bal-
timore, MD, diluted 1:1000), which recognizes phosphor-
ylated tau in IBM PHFs,® '8 followed by incubation in a
rabbit anti-mouse serum conjugated to 7-amino-4-meth-
ylcoumarin-3-acetic acid (AMCA) (DAKO, Carpinteria,
CA). Subsequently the sections were rinsed, fixed in

ether: 95% ethanol (1:1), and processed for AO staining
as above. The blue color of AMCA was visualized with a
G 365 exciter filter, LP 420 barrier filter and FT 395
chromatic beam-splitter, and the orange color of AO
histofluorescence was visualized as above.

SMN Immunocytochemistry

For light microscopy, SMN was immunolocalized using
two mouse monoclonal anti-SMN antibodies: 2B1, a gift
from Dr. Gideon Dreyfuss, diluted 1:50, and an antibody
directed against residues 14-174 of human SMN (Trans-
duction Laboratories, Lexington, KY), diluted 1:20. We
have previously described immunocytochemistry of SMN
and its specificity in non-IBM human muscle biopsies.'®
Electronmicroscopic immunocytochemistry of SMN was
performed according to our previously established tech-
nique.4—6,18,19



Control Experiments

To evaluate whether orange AO histofluorescence was
specific to RNA, before AO staining the sections were
pretreated for 4 hours at 37°C with either 200 U/ml
RNase-A solution (Ambion Inc., Austin, TX), containing 20
mmol/L of the protease-inhibitor phenylmethylsulfonyl flu-
oride (PMSF; Sigma, St. Louis, MO), or 10,000 U/ml
RNase-free DNase solution (Roche Molecular Biochemi-
cals, Indianapolis, IN). To determine whether SMN immu-
noreactivity reflects binding of the antigen to RNA, SMN
immunohistochemistry was performed after the sections
were pretreated with RNase solution as above. To block
nonspecific binding of antibodies to Fc receptors, the
sections were preincubated in normal goat serum diluted
1:10, as described.*®'6181% Omission of the primary
antibody or replacement of the primary antibody with a
nonrelevant serum controlled for specificity of the immu-
nohistochemical reactions, as described. 1819

Results
AO Staining

AQO positivity in this study refers only to the orange fluo-
rescence of RNA. In s-IBM, 70 to 80% of the vacuolated
muscle fibers (VMFs), and some of the non-VMFs, had
AQO positivity in the form of focal, well-demarcated squig-
gly, rod-like, and dot-like cytoplasmic inclusions (Figure
1, A-D, F, H, J, and L). Pretreatment with RNase-A, but
not with DNase, completely abolished the AO positivity of
more than 95% of the inclusions (Figure 1, K—M); rare
inclusions retained weakly positive AO staining.

Normal muscle biopsies did not have any AO-positive
muscle fibers. In regenerating muscle fibers of all biop-
sies that contained them, AO positivity was present in a
diffuse pattern, and pretreatment with RNase-A com-
pletely abolished their AO positivity. Non-IBM vacuolar
myopathies did not have AO-positive inclusions.

Double Localization of AO Positivity and SMI-31
Immunoreactivity

In all IBM muscle biopsies, AO positivity of the cytoplas-
mic inclusions colocalized with SMI-31 immunoreactivity
(Figure 1, D—1). Pretreatment with RNase-A did not influ-
ence the SMI-31 immunoreactivity.

SMN Immunoreactivity

By light microscopy, 70 to 80% of the IBM-VMFs, and
some of the non-VMFs, had strongly SMN-immunoreac-
tive squiggly, rod-like, and dot-like inclusions (Figure 2,
A—C and E). RNase pretreatment performed on serial
sections either abolished or prominently diminished SMN
immunoreactivity (Figure 2, D and F). Ultrastructural im-
munocytochemistry of the IBM-VMFs revealed that SMN
was immunolocalized only to the clusters of PHFs (Figure
3, A and B). PHFs appear as tubulofilaments when horse-
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Figure 2. SMN immunoreactivity. A—C, E: Darkly immunoreactive squiggly,
rod-like, and dot-like inclusions in IBM abnormal muscle fibers. D and F:
Serial sections to C and E; after pretreatment with RNase, SMN immunore-
activity is greatly diminished (D) or virtually eliminated (F). Arrows identify
abnormal muscle fibers in D—F. Original magnifications, X1250.

radish peroxidase is used as the immunohistochemical
marker.5’6’18'19

Discussion

Our study demonstrates that clusters of IBM-PHFs con-
tain AO positivity and SMN immunoreactivity.

Under ultraviolet excitation, AO that is intercalated into
RNA gives a bright orange fluorescence, whereas AO
staining of DNA gives a yellow fluorescence.?® Cyto-
plasm lacking abundant RNA and DNA gives a pale
green background. Individual subtypes of accumulated
RNA (ie, mRNA, rRNA, tRNA) cannot be distinguished by
this method. The IBM muscle biopsies emitted orange
AO fluorescence of squiggly, rod-like, and dot-like inclu-
sions against a pale green background of nonstained
cytoplasm. RNase, but not DNase, pretreatment abol-
ished the AO labeling of more than 95% of the inclusions,
indicating that their AO positivity was specific for RNA.
(The RNase pretreatment did not totally abolish orange
fluorescence of the occasional inclusions, perhaps be-
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Figure 3. Immunoelectronmicroscopy of SMN in two IBM-vacuolated muscle fibers. A and B: The peroxidase reaction demonstrates dark reaction-product
covering PHFs exclusively and entirely, whereas adjacent portions of the myofiber (right side of each picture, identified by asterisk) are not immunostained.
Original magnifications, X28,000.

cause the RNase solution did not completely penetrate
some tight clusters of PHFs, or because, in them, a
fraction of RNA was more tightly complexed with PHF
proteins.) The close colocalization of AO positivity with
the immunoreactivity achieved with SMI-31 antibody rec-
ognizing IBM-PHFs suggests that the AO positivity re-
flects RNA on or within clusters of PHFs.

The mechanism of RNA accumulation within the clus-
ters of IBM-PHFs is not known. In normal cells, some RNA
associates with proteins of the cellular cytoskeleton.?’
For example, the microtubule-associated protein MAP 1A
is one component of the RNA-cytoskeleton complex.??
Normal tau is a microtubule-associated protein. When
associated with tau, tubulin polymerizes into microtu-
bules and by doing so prevents tau aggregation.'*23
Phosphorylated tau (P-tau) has a decreased ability to
interact with tubulin, a phenomenon proposed to be im-
portant in causing P-tau aggregation into PHFs in AD
brain.?® Free RNA can compete with tubulin for the cel-
lular pool of tau, and in vitro RNA stimulates aggregation
of tau into PHFs.™ In IBM muscle fibers, possibilities
include: i) that phosphorylation of tau diminishes its inter-
action with tubulin and increases its association with
RNA, and this process facilitates formation of PHFs; ii)
that RNA has an abnormal propensity to associate with
tau, resulting in the pathological phosphorylation of tau
and aggregation of it into PHFs; or iii) that RNA is being
sequestered in the PHFs due to the presence there of a
non-tau RNA-binding protein, eg, SMN.

SMN is a recently discovered protein, encoded by a
gene on chromosome 59g13, mutations of which are as-
sociated with, and putatively responsible for, more than
98% of the autosomal-recessive spinal muscular atrophy
patients.?* Normal biological functions of SMN are largely
unknown, but SMN is known to bind directly to RNA and
to RNA-binding proteins.’®> A role of SMN has also
been proposed in RNA processing, in the biogenesis of
small nuclear ribonucleic proteins, and in pre-mRNA
splicing.?® In human muscle, SMN is developmentally
regulated and, based on its immunolocalization, it prob-
ably plays a yet unknown role at normal nerve-muscle
postsynaptic regions, in regenerating muscle fibers, and
in post-denervation apoptosis-like processes of human

muscle fibers.'® In IBM muscle the immunoreactivity of
SMN was localized to PHFs, and it was abolished or
greatly diminished after pretreatment with RNase. We
therefore postulate that on PHFs the SMN is present, at
least partially, through its association with RNA, and/or
another protein already bound to PHF-linked RNA. For
example, it would be interesting to determine whether
small nuclear ribonucleoproteins (snRNPs) involved in
spliceosome assembly are also accumulated within the
clusters of PHFs, which might represent presumably in-
active foci of these splicing elements.

PHFs in both AD brain and IBM muscle contain accu-
mulation of several proteins, including markers of oxida-
tive stress.'®?® Molecular mechanisms leading to accu-
mulation of those proteins and their role in the pathogenic
cascade of both IBM and AD remain unknown. Several
mechanisms, including RNA binding and oxidative dam-
age, have been proposed in relation to PHF formation in
AD brain.”* RNA has been shown to be oxidized in AD
brain.?” Whether RNA is oxidized in IBM muscle fibers is
not yet known.

Our present study demonstrates two novel compo-
nents of IBM PHFs, and it raises the possibility that RNA
and possibly the RNA-binding protein SMN participate in
PHF formation in IBM.
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